This study explored the use of a simplex centroid design to produce protein hydrolysates with antioxidant properties using Alcalase Ò 2.4L, Flavourzyme Ò 500L and Neutrase Ò 0.8L. Proteases kinetic parameters and the ultrafiltration of protein hydrolysates were also investigated. The highest antioxidant activity, in the studied conditions, was reached when the mixture of Alcalase Ò 2.4L and Flavourzyme Ò 500L was used in the hydrolysates production. The antioxidant power of the black bean proteins, measured by the total antioxidant capacity and reducing power assay, increased after hydrolysis by 31% and 70%, respectively. The black bean proteins hydrolysates fractions (3-30 kDa) showed an antioxidant activity decrease along with a reduction in molecular weight, demonstrating that a set of varied molecular weight peptides was responsible for the antioxidant characteristics of black bean protein hydrolysates.
Introduction
The common bean (Phaseolus vulgaris L.), in addition to being an important and inexpensive source of protein, is largely consumed in several regions all over the world (D ıaz et al., 2010; Carrasco-Castilla et al., 2012) . In recent years, many researchers have focused on obtaining bioactive peptides from plants sources, in particular, plant food proteins (Rizzello et al., 2016) . The bean proteins (17.9%-31.1%) have high content of essential amino acids and are excellent sources of bioactive peptides with functional properties (Boye et al., 2010; Hayat et al., 2014) .
The best known way of producing peptides having biological activity is through protein hydrolysis. Microbial proteases have been employed in the production of high-value protein hydrolysates (Chalamaiah et al., 2012) . Studies involving different commercial proteases and the application of specific hydrolytic conditions have resulted in peptides with varied biological and functional properties that can be industrially employed (Avramenko et al., 2013; Aguilar & Sato, 2018) .
Studies for optimisation of hydrolysates production conditions are important to improve the efficiency of these processes. Although there are many studies that address the production of common bean peptides, few studies that use the design of protease mixtures on the antioxidant peptides production were reported (De Castro & Sato, 2014 Morales-Medina et al., 2017) . This type of statistical evaluation can provide models and mixture contour plots that indicate the most suitable enzymatic mixtures to obtain hydrolysates with increased antioxidant activities (De Castro et al., 2017) . The use of combinations of several enzymes to produce hydrolysates may contribute to the increase of antioxidant activity by the formation of smaller peptides due to the sequential action of the various enzymes applied in the process (Luna-vital et al., 2015) .
The aim of this work was to study the suitability of binary/ternary mixtures of commercial proteases to hydrolyse proteins obtained from black bean based on generating or improving in vitro antioxidant activity of the hydrolysates. The possible effects of proteases activation or inactivation by substrates/products during protein hydrolysis as well as the antioxidant activity of hydrolysates fractions were also evaluated.
Material and methods

Material
The reagents azocasein, ammonium thiocyanate, ferrous chloride, trichloroacetic acid (TCA), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and enzymes Alcalase Ò 2.4L
(from Bacillus licheniformis), Flavourzyme Ò 500L (from Aspergillus oryzae) and Neutrase Ò 0.8L (from Bacillus amyloliquefaciens) were purchased from Sigma-Aldrich (Steinheim, Germany). The other reagents used were of analytical grade.
Preparation of black bean protein concentrate
Black beans, used as substrates, were obtained from the local market (Campinas-SP, Brazil). The method explained by Oseguera-Toledo et al. (2011) , with slight modifications, was used in the preparation of the black bean protein concentrate (BBPC). The grains were ground in a waring blender and 100 g of the flour was suspended within 1000 mL of distilled water. The pH was adjusted to 9.0 using 0.1 M NaOH. The solution was stirred for 1 h at 35°C and centrifuged at 10 0009 g for 15 min at 25°C. The supernatant was collected. Another extraction using the insoluble material was performed under similar conditions. The supernatants from both extractions were pooled, the pH was adjusted to 4.3 with 1 M HCl and the solution was centrifuged at 10 0009 g for 15 min at 25°C. The resulting protein precipitate was collected and lyophilised for the further experiments. The protein content of the BBPC was measured by Lowry's method (Lowry et al., 1951) and was estimated in 96.11 AE 2.21% (960 mg g À1 ) in dry basis.
Protease activity
The protease activity was measured according to the method proposed by Charney & Tomarelli (1947) and described by De Castro & Sato (2015) . A reaction containing 0.5 mL of 0.5% azocasein in 100 mM sodium phosphate buffer, pH 7 and 0.5 mL of the enzyme solution was incubated for 40 min at 50°C. An aliquot of 0.5 mL of 10% TCA was used to stop the reaction and then, the reaction volume was centrifuged at 17 0009 g for 15 min at 25°C. A supernatant aliquot of 1 mL was neutralised with 1.0 mL of 5 M KOH and the absorbance was measured at 428 nm. One unit of protease activity (U) was defined as the quantity of enzyme capable of causing an increase of 0.01 in the absorbance.
Protein hydrolysis
The obtainment of BBPC hydrolysates with higher antioxidant activity was studied through the simplex centroid mixture design (Table 1) , which was used to evaluate the effects caused by the application of different proteases mixtures in the hydrolysis process. Each mixture component under study was evaluated at four levels: 0 (0%), 1/3 (33%), 1/2 (50%) and 1 (100%).
Quadratic or cubic regression models were adjusted for variations in the antioxidant activities responses as a function of the interaction effects between the different concentrations of enzymes mixtures (R 2 ≥ 0.85 and P ≤ 0.10). Equation 1 presents the described models.
where Y i is the predicted response; q is the number of components in the system; X i , Xj and X k are the coded input parameters; b i is the regression coefficient for each linear effect term; b ij is the binary interaction effect term and b ijk is the ternary interaction effect term.
To validate the proposed models, the assays selected as the most adequate conditions for protein hydrolysis were repeated in triplicate. The experimental and predicted values were compared and the differences were considered significant at P ≤ 0.05.
The protease concentration, added to the reaction volume used in the hydrolysis, was adjusted to 50 U mL À1 . The BBPC (5 g) was mixed with 50 mL of 100 mM sodium phosphate buffer, pH 7 in 125 mL Erlenmeyer flasks. The hydrolysis assays were performed during 120 min at 50°C and pH 7 (conditions that allowed the simultaneous activity of all proteases). After hydrolysis, the protein solutions were incubated in a water bath at 100°C for 20 min for proteases inactivation. The soluble phase, containing the bioactive peptides, was separated from the insoluble fraction by centrifugation with 17 0009 g at 5°C for 20 min. The supernatants were collected and freeze-dried for determination of the antioxidant properties. 
Kinetic parameters
To study the modulation of enzymatic activity by substrates and reaction products, kinetic parameters were evaluated at reactive (with substrate) and non-reactive (without substrate) conditions. Changes in the activity of each protease during hydrolysis were measured as a function of time, under reactive conditions, using 50 U mL À1 of protease and 10% of BBPC in 100 mM sodium phosphate buffer, pH 7 and under non-reactive, using 50 U mL À1 of protease in 100 mM sodium phosphate buffer, pH 7. Samples were incubated at 50°C and aliquots were collected every 15 min from 0 to 90 min and after 120 min. The value of k d , the inactivation rate constant, was evaluated according to the Equation 2:
where A is the protease activity at a given time t and A 0 is the initial protease activity.
The apparent half-life of the protease was defined as the time when the residual activity was 50% and calculated as Equation 3:
The D-value, which is the time, at a given temperature that causes 90% reduction in the initial protease activity, was estimated using the Equation 4:
Antioxidant activities DPPH radical-scavenging The method described by Bougatef et al. (2009) was utilised to determine the DPPH radical-scavenging. The reaction mixture containing 0.5 mL of BBPC hydrolysate dissolved in water (10 mg mL À1 ), 0.5 mL of 99.5% ethanol and 125 lL of DPPH solution (0.2 mg mL À1 ) in 99.5% ethanol was incubated for 60 min at room temperature in absence of light. The reduction of the DPPH radical was measured at 517 nm. The final results of the tests were expressed as lmol of Trolox equivalent g À1 of protein hydrolysates (lmol Trolox EQ g À1 ).
Total antioxidant capacity The total antioxidant capacity was determined following Prieto et al. (1999) . The reaction mixture containing 1 mL of the reagent solution (0.6 M sulphuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdate) and 100 lL of the BBPC hydrolysate (25 mg mL À1 ) was incubated in absence of light for 90 min at 90°C. Then, the reaction was cooled to room temperature and the absorbance was measured at 695 nm. The control reaction was prepared with distilled water instead of the sample. The final results of the tests were expressed as lmol Trolox EQ g À1 of protein hydrolysate.
Reducing power assay
The reducing power measurement was performed using the method described by Yildirim et al. (2001) with slight modifications. The mixture of 0.5 mL of 0.2 M sodium phosphate buffer (pH 6.6), 0.5 mL of 1% potassium ferricyanide and 200 lL of BBPC hydrolysate (25 mg mL À1 ) was incubated in absence of light for 30 min, and then, 0.5 mL of 10% TCA was added to the reaction, which was centrifuged at 80009 g for 10 min at 5°C. An aliquot of 0.75 mL of the supernatant was added to 150 lL of 0.1% (w/v) ferric chloride and 0.75 mL of distilled water. After 10 min of incubation at room temperature, the absorbance was measured at 700 nm. The final results of the tests were expressed as lmol Trolox EQ g À1 of protein hydrolysate.
Fractionation of the BBPC hydrolysates by ultrafiltration
The hydrolysate which presented the higher antioxidant activity in most assays was fractionated by the centrifugal ultrafiltration with molecular weight cut-off (MWCO) membranes of 30, 10 and 3 kDa (Millipore Corporation Ultrafiltration Membranes, Billerica, USA). Lowry's method (Lowry et al., 1951) was used to determine the protein content of both, the whole and fractionated samples. The protein concentration was adjusted for determination of antioxidant activities as previously described.
Calculations and statistics
The experimental design, statistical analysis and models were developed using the Statistica 10 software (Statsoft â /Dell, USA). Minitab 16.1.1 software (Minitab Inc., USA) was used for the statistical analysis. The Tukey's test was used to verify the differences between the analysed groups at 95% significance level (P ≤ 0.05).
Results and discussion
Modulation of the enzymes activities and kinetic parameters
To evaluate the modulation of the protease activities by the substrates or reaction products during the hydrolysis of the BBPC, analyses were performed under non-reactive and reactive conditions as described in item 2.5.
The kinetic parameters of bean protein hydrolysis were used for predicting the best hydrolytic conditions resulted by protease mixtures. In the reaction medium of the present study, simultaneous reactions that inactivate enzymes by substrates and products may have occurred with the enzyme-assisted hydrolysis of bean proteins.
The kinetic parameters are important since they serve to define and model the use of enzymes in certain industrial applications. Higher values of half-life and D at a particular temperature are preferred for industrial applications, since they are related to the resistance of the enzyme to thermal inactivation. According to De Castro et al. (2017) these parameters can be used to verify the sensitivity of these proteases to enzyme substrates or reaction products released in the hydrolysis. The studied kinetic parameters and the antioxidant activities responses showed varied profiles within all experimental planning.
In the presence of the substrate BBPC, the half-life was decreased for the enzyme Neutrase Ò 0.8L in assay 3 (from 100.46 to 87.74 min) and for mixture of Flavourzyme Ò 500L and Alcalase Ò 2.4L in assay 4 (from 216.61 to 119.51 min). On the other hand, the half-life was increased for the assays performed using the individual enzyme Flavourzyme Ò 500L in assay 1 (from 77.88 to 161.20 min) and Alcalase Ò 2.4L in assay 2 (from 71.46 to 182.41 min). The half-life increased for the binary mixtures, Flavourzyme Ò 500L and Neutrase Ò 0.8L (assay 5), Alcalase Ò 2.4L and Neutrase Ò 0.8L (assay 6) and for the ternary mixture (assay 7) (Table S1 ). In relation to the values of inactivation rate constants and D-values for the proteases during the enzymatic hydrolysis mixture design, the same behaviour already described for the half-life time was observed. Similar results were observed by De Castro & Sato (2015) in the hydrolysis of soy protein isolate. In the presence of the substrate, the half-life time of the enzymes Flavourzyme Ò 500L, Alcalase Ò 2.4L and YeastMax A was increased.
De Castro et al. (2017) evaluated the modulation of commercial protease activity during enzymatic hydrolysis of white bean protein concentrate. The authors observed the phenomenon of inhibition by the product during the hydrolysis. The half-life time for most assays using enzyme mixtures was also reduced.
For hydrolysis parameters optimisation, generally only the determination of the most appropriate combination of enzyme and substrate are evaluated and in most studies, enzymatic specificity is primarily responsible for enzyme efficiency during hydrolysis. The modulation of the enzymatic activity is scarcely reported (De Castro et al., 2017) . The association of different enzymes as an enzymatic complex can result in the alteration of the kinetic properties of these enzymes, that is, one enzyme can influence the action of the other one, causing the modulation of the enzymatic activity representing a functional advantage of these complexes (Ricard et al., 1994) . Table 2 shows the antioxidant activities of the BBPC hydrolysates for each assay of the mixture design. The antioxidant activity increased after the hydrolysis in the majority of the evaluated assays. The assay 3, that contained only the enzyme Neutrase Ò 0.8L, showed the lowest antioxidant activity for all the analysed responses. This may be related to the reduction in half life (13.12%) of this enzyme under reactive conditions, it means, in contact with the substrate. In contrast, higher values of antioxidant activity were observed using the combination of Flavourzyme Ò 500L (1/2) and Alcalase Ò 2.4L (1/2) (assay 4). The antioxidant activity measured in terms of total antioxidant capacity and reducing power assay increased after hydrolysis by 31 and 70%, respectively. The highest response for DPPH radical-scavenging was obtained using equal proportions of Alcalase Ò 2.4L and Neutrase Ò 0.8L (assay 6).
Antioxidant activities
Synergistic and antagonistic effects of proteases on the antioxidant activities of BBPC hydrolysates
According to assay 4, the combined use of Flavourzyme Ò 500L (1/2) and Alcalase Ò 2.4L (1/2) resulted in BBPC hydrolysates with higher antioxidant activities compared to the non-hydrolysed protein. The use of ternary mixtures also resulted in an increased antioxidant activity of the BBPC hydrolysates. Many hydrolysis processes use only one protease or exploit different specificities by the use of enzyme combinations (Zeng et al., 2008) . Thermolysin, Alcalase, Neutrase and Flavourzyme are commercial protease preparations widely employed in the production of bioactive peptides (Rui et al., 2012) . For the hydrolysis process, it is important that there be specificity between the substrate and the protease. This specificity determines the position where the protein will be broken, modulating the degree of hydrolysis and the profile of the released peptides and amino acids (Tavano, 2013) .
Flavourzyme is a mix of proteases containing both endo and exopeptidases activities (Tavano, 2013) . Alcalase is an endoprotease recognised for releasing peptides with higher antioxidant activity than hydrolysates produced with other enzymes (Pihlanto-Lepp€ al€ a, 2000; Park et al., 2001; Peña-Ramos & Xiong, 2002) .
This protease has broad action, preferably cleaving terminal hydrophobic amino acids (Ellaiah et al., 2002) . The neutral protease, Neutrase, also has a high affinity for hydrophobic amino acids and can be used for the production of hydrolysates with a low degree of hydrolysis (Rao et al., 1998) . The difference in the modes and site of action of the proteases employed results in differences in the antioxidant activities measured. In this study, the combined use of two proteases resulted in an improved antioxidant activity of the BBPC hydrolysates. Segura-Campos et al. (2013) studied the use of the mixture of Flavourzyme and Alcalase on the enzymatic hydrolysis of hard-to-cook bean protein concentrates and demonstrated that the combined use of these enzymes was able to increase the antioxidant activity of the hydrolysates. According to the results, the mixture of commercial enzymes Flavourzyme Ò 500L (1/2) and Alcalase Ò 2.4L (1/2) was chosen as the best condition to obtain hydrolysed BBPC with high antioxidant activity. The validation tests and the effect of fractionation on the antioxidant activities of the hydrolysates were evaluated for these conditions.
Analysis of variance, contour plots and validation tests
The analysis of variance (ANOVA) showed that 91%-97% of the total variation was explained by the models. All calculated F-values were greater than the tabulated F-values (P-value <0.001), reflecting the high statistical significance of the equations (Table S2) .
Contour plots (Figs 1-3) were generated using significant parameters for each response showing the effect of using commercial proteases combination on the production of BBPC hydrolysates with antioxidant activity. In the interpretation of these graphs, the end points of the triangle corresponds to the responses obtained using the individual proteases, the midpoints in the sides of the triangle are related to the responses for the binary mixtures and the central point means the responses for the ternary mixtures (De Castro et al., 2017) .
According to the contour graphs, it can be observed that there is a synergistic effect to improve the antioxidant activity when the combined enzymes were used. The combined use of Flavourzyme Ò 500L and Alcalase Ò 2.4L (assay 4) provided an increase in antioxidant activity measured by total antioxidant capacity ( Fig. 2 ) and reducing power assay (Fig. 3) . The increase in measured values for DPPH radical-scavenging ( Fig. 1) was obtained by the combined use of the proteases Alcalase Ò 2.4L and Neutrase Ò 0.8L. To confirm the validity of models validation tests were performed with the hydrolysis conditions using the binary mixture of Flavourzyme Ò 500L and Alcalase Ò 2.4L. The tests were performed 3 times and the assays were done in triplicate. The experimental and predicted values were in agreement (P ≤ 0.05), and could be useful to predict the antioxidant activities of BBPC hydrolysates through the proposed methods (Table S3) .
Fractionation of the BBPC hydrolysates
The ultrafiltration fractionation test was performed only for the BBPC hydrolysates that showed the highest antioxidant activity (obtained in the assay 4). The non-fractionated BBPC showed superior activity to the (Table 3 ). The mixture of peptides with different molecular sizes contributed more to the antioxidant activity than each fraction alone, this demonstrated that the ultrafiltration process was not necessary for these values to be elevated. Although the literature indicates that smaller peptides have higher antioxidant activities, some studies report that fractionation can cause reduction in this measurement. Phongthai et al. (2018) found a reduction in the ferric reducing activity of rice bran protein hydrolysates after fractionation. The authors concluded, in this case, that ultrafiltration showed a negative effect on the activity of hydrolysates fractions. Kumar et al. (2016) observed that whole camel milk casein hydrolysates showed superior antioxidant activity than their fractions in all the evaluated assays. The authors also reported that the fractions with molecular weight between 1 and 10 kDa and >10 kDa presented antioxidant activity superior than or equal to hydrolysates with sizes <1 kDa. Girgih et al. (2015) also reported that the fractionation cod (Gadus morhua) protein hydrolysates did not improve their antioxidant activity.
The higher antioxidant activity of the non-fractionated hydrolysates can be related to the higher peptide concentration with different characteristics such as: molecular weight, size, sequence and amino acid composition, as well as to the structural functionality of the constituent peptides, which can have synergistic effects on the elimination of free radicals (Sarmadi & Ismail, 2010; Kumar et al., 2016; Phongthai et al., 2018) .
Conclusion
The use of mixtures of proteases in BBPC hydrolysis increased the hydrolysates antioxidant activity, demonstrating that the technique of experimental design was useful and efficient in improving this bioactive property. The combination of commercial enzymes Alcalase Ò 2.4L and Flavourzyme Ò 500L (in equal parts) was the most efficient in increasing antioxidant activity compared to non-hydrolysed BBPC. Using this enzyme mixture, the highest antioxidant activity was reached for the black beans hydrolysates. Another interesting topic discussed in this work was the use of kinetic parameters to determine the modulation of the enzymatic activity during the hydrolysis. These parameters are important in the choice of enzymes to be used in hydrolytic processes. Ultrafiltration fractionation was also evaluated. It was observed that the fractionation was not necessary to improve the antioxidant activity of the BBPC hydrolysates.
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